An hypothesis has been proposed that a relative or absolute deficiency of magnesium in the rapidly growing infant might be a major cause of the sudden infant death syndrome (SIDS, crib death). We studied the magnesium-deficient weanling rat as an animal model for the human infant, exploring physical, biochemical, and gross pathologic changes during the sudden seizure episode of magnesium deficiency, as compared with during fatal strychine seizures. In addition, the electrocardiographic changes were examined during this episode of magnesium deficiency.
Pronounced intrathoracic pathologic changes were found in rats after a fatal tetanic and apneic episode. In these animals there was some variation in the severity of pathologic change. The most severe pathology was usually found in the smallest and youngest animals and usually included scattered petechiae on the pleura, the thymus, and the pericardium; expanded lungs that were plumcolored in areas extending from the hilus and in scattered patches throughout; edema and congestion on the cut surface; and foamy fluid, sometimes blood-tinged, in the bronchi. The right atrium and the right ventricle were usually distended with dark, fluid blood. The urinary bladder was always contracted and empty.
When weighed with fluid contents, both the heart and lungs of the 0-Mg rats that died of seizures weighed more than those of OMg rats with no known seizures. The weights in grams of four rats from each of these two groups were, respectively: body weights, 53.9 rt 0.05 and 53.8 f 0.08; lungs, 0. In contrast to rats dying of magnesium deficiency, rats that died of seizures due to strychnine were only mildly cyanotic. Their lungs were only slightly inflamed, with occasional petechiae. Their body weights and the weights of their lungs and hearts were not significantly different than the weights of four controls. Comparisons during seizures i n acute magnesium d e f i c i e n c y w i t h those due to strychnine. Sudden unexpected death i n human infants (SIDS, c r i b death) i s the large* s i n g l e cause of postneonatal i n f a n t m o r t a l i t y (8). It has an incidence of 2 t o 100-Mg c o n t r o l s were fed ad l i b i t u m o r p a i r -f e d w i t h 0-Mg r a t s . Some 3 per 1000 l i v e b i r t h s ( a ) , and involves approximately one-third of a l l babies p a i r -f e d 100-Mg r a t s were studied as c o n t r o l s , and some were t r e a t e d w i t h strydying a f t e r the f i r s t week and before the end of the f i r s t year of l i f e i n the chnine i n t h e dose o f 1.9 mg/ kg o f body weight i n t r a p e r i t o n e a l l y , a dose found United States (64). The cause remains unknown, although much new information t o produce f a t a l seizures t h a t c l i n i c a l l y best simulated those of acute magnee concerning SIDS has been learned through recent research, as s u m r i z e d i n ium deficiency. The strychnine-treated r a t s were studied a t the end of severe Hasselmeyer's r e p o r t from the National I n s t i t u t e of C h i l d Health and Human Deseizures, a t the p o i n t of death. Groups o f 0-Mg r a t s w i t h acute magnesium development (47) . A hypothesis (19) has been proposed t h a t a r e l a t i v e o r absolf i c i e n c y were studied i n the preseizure p e r i o d on day 6, and on day 7 a t the Ute deficiency of magnesium ( p o s s i b l y w i t h an associated mineral imbalance) (29) onset o f seizures and imnediately a f t e r prolonged seizures. i n the r a p i d l y growing i n f a n t might be a major cause o f SIDS.
2. Further studies during the seizure episode i n acute magnesium deficiency. Magnesium deficiency i s a r e l a t i v e l y important problem i n t h e human i nfant (24, 63, 71, 73, 85) . I n one series from Edinburgh, Scotland (141, o f tk Baseline studies were made i n 0-Mg r a t s w i t h no known seizures and i n 100-12 per 1000 neonates w i t h convulsions, about 7 per 1000 were due t o primary Mg and LC c o n t r o l s on day 6. Other 0-Mg r a t s were studied on day 7 during s e iUncomplicated hypocalcemia/hypomagnesemia. Magnesium deficiency has been diagzures, o r during the recovery period, 18 h a f t e r seizures. nosed i n i n f a n t s and young c h i l d r e n who had metabolic and n u t r i t i o n a l d i s o r d e n and presented w i t h nonspecific findings i n c l u d i n g h y p e r i r r i t a b i l i t y , f a i l u r e Additional chemical studies were made i n 0-Mg and 100-Mg r a t s raised i n t o t h r i v e , apathy, anorexia, sudden onset of apnea o r r e s p i r a t o r y d i s t r e s s , close sequence t o the other r a t s studied i n Experiment 2. Plasma o s m o l a l i t y and t o n i c and c l o n i c seizures ( 7, 16, 21, 26, 28, 45, 63, 71, 73) . Because was found by freezing p o i n t determination o f lithium-heparinized plasma on an magnesium deficiency occurs i n conjunction w i t h other medical problems, i t i s osmometer (Fiske Assoc., Uxbridge, Mass.), and plasma specific g r a v i t y was best t o i n v e s t i g a t e the syndrome through study of animal models without complimeasured on a Ts meter (A0 Instrument Co., Buffalo, N.Y.). Acetoacetate was c a t i n g i l l n e s s . tested i n plasma and u r i n e using Ketoztix (Ames Co., E l k e r t , Ind.); t h e u r i n e was obtained from the u r i n a r y bladder under d i r e c t v i s u a l i z a t i o n using a tuberMagnesium deficiency causes sudden, unexpected death i n animals. There c u l i n syringe. Plasma l a c t i c a c i d was measured on a Calbiometer (Calbiochem are species differences and intraspecies v a r i a t i o n s . Young cows sometimes Co., La J o l l a , Cal.); and pC02, on a pH blood gas analyzer (~o d e l 213, I n s t r w died q u i e t l y (57,68) o r v i o l e n t l y (70). Normal appearing magnesium d e f i c i e n t mentation Lab., Inc., Lexington, Mass.). When available, blood from the a n imice d i e d almost immediately a f t e r a s i n g l e v i o l e n t spasm ( 4 ) , w h i l e young r a t s mals r a i s e d f o r these a d d i t i o n a l chemical studies was sometimes analyzed f o r (20, 49, 62) and dogs (62) u s u a l l y developed vasodilatation, h y p e r i r r i t a b i l i t y , whole venous blood pH, hematocrit, o r plasma magnesium a t appropriate intervals and a sudden episode t h a t involved apnea, t o n i c o r c l o n i c seizures, and o f t e n between days 6 and 8. death. The lower the weight and age of the animal a t the onset o f magnesium deprivation, the shorter t h e l i f e and the more abrupt the death (49,62).
Ear-3. Studies durinq the seizure episode i n attenuated magnesium deficiency. l y death may f o l l o w a p e r i o d of r a p i d growth, p a r t i c u l a r l y if t h e d i e t i s l i mi t e d i n magnesium but r i c h i n protein, calcium, and phosphorus, three nutrients Baseline studies were made on 5-Mg r a t s w i t h no known seizures and i n t h a t increase the metabolic requirement f o r magnesium, as p r e v i o u s l y reviewed 150-Mg and LC c o n t r o l s on day 13. Other 5-Mg r a t s were studied on day 14 post (15, 24). One would expect the p e r i o d of most r a p i d growth i n e a r l y infancy repeated seizures o r a f t e r death, o r on day 15, 18 h a f t e r seizures. t o be the most vulnerable age i n man (19).
Animals were anesthetized w i t h sodium pentobarbital (Abbott, N. Chicago, It i s not known whether magnesium deficiency may provoke a sudden, f a t a l I l l . ) i n an i n t r a p e r i t o n e a l dose o f 5 mg/ 100 g o f body weight f o r a l l p a i n f u l episode i n the human infant, but because of i t s p o t e n t i a l importance, we have procedures, and a t t h e end of such procedures they were k i l l e d w i t h an overdose studied t h i s event i n d e t a i l i n the magnesium d e f i c i e n t weanling r a t as an anof t h i s drug. About 1 ml o f blood was drawn percutaneously from the r i g h t venimal model for the human i n f a n t . W e explored physical, biochemical, and gross t r i c l e i n p l a s t i c syringes t h a t had been prepared w i t h l i t h i u m heparin (Sigma, pathological changes r e l a t e d t o the sudden seizure episode o f magnesium d e f iSt. Louis, Mo.). Whole blood pH readings were made on a d i g i t a l pH meter (Modciency, as compared t o these a f t e r f a t a l strychnine seizures. The e l e c t r o c a re l 3550, Beckman Instruments, I r v i n e , Cal.). Duplicate microhematocrit deterdiographic changes were studied during t h i s episode of magnesium deficiency.
minations were made using a microhematocrit c e n t r i f u g e (Damon/IEC D i v i s i o n s Data from magnesium d e f i c i e n t weanling r a t s were compared w i t h reported f i n dNeedham Hts., Mass.), and read manually. The blood was c e n t r i f u g e d a t 3' ( i mings i n various types of shock and i n human i n f a n t s dying from SIDS. F i n a l l y , on,IECrPRJ), and the plasma was separated and stored a t 3O u n t i l analyzed withwe have reviewed studies t h a t have tested the hypothesis d i r e c t l y and i n d i r e c ti n 24 h. Duplicate plasma samples were d i l u t e d 1:50 i n 0.1 % lanthanum solul y , i n t h e l i g h t o f f i n d i n g s from recent SIDS research (47). t i o n and read for magnesium on an atomic absorption spectrophotometer (Model 303, Perkin-Elmer Corp., Norwalk, Conn.).
The chemical p r o f i l e was made on t h e MATERIALS AND METHODS
SMAC autoanalyzer (Technicon Instrument Corp., Tarrytown, N.Y.), f o r which 0.5 rnl of plasma was required. The mean c o e f f i c i e n t of v a r i a t i o n f o r the SMAC sysAnimals tem was 3.2 (81 ) .
Male wean1 i n g Sprague-Dawley r a t s weighing 28-40 g ( H i l l t o p Lab Animals, Electrocardiograms. Scottdale, Pa. ) were i n d i v i d u a l l y housed i n raised bottom s t a i n l e s s s t e e l cages and provided w i t h deionized water ad l i b i t u m . Unless otherwise stated, they Electrocardiograms were taken on a model VS4 Cambridge instrument (Ossinwere fed ad l i b i t u m and were i n thcf-e when studied. A l l r a t s were ing, H.Y.) on unconscious o r sedated animals, using needle electrodes i n s e r t e d weighed d s l ' l y A .~. on a top loading balance (Model P 11 N, M e t t l e r Instrui n the dorsum of the feet of supine animals. This study was l i m i t e d t o r a t s ment Corp., Princeton, N.J.), and t h e i r growth and physical behavior were moni t o r e d . t h a t weighed 28-32 g on day 0 of the experiment. On day 6, electrocardiograms were taken i n f i v e 100-Mg c o n t r o l s and f i v e 0-Mg r a t s t h a t had not convulsed. On day 7, f i v e 0-Mg r a t s t h a t became unconscious and t e t a n i c on gentle handling Animal D i e t s were studied without any sedation.
To achieve acute magnesium deficiency t h a t often r e s u l t e d i n spontaneous seizures and death a t one week (a model f o r SIDS i n f a n t s t h a t d i e d before s i x Gross pathological examinations.
months of age), weanling r a t s were fed a d i e t t h a t provided o n l y 0.3 mg of magnesium/100 g of d i e t and no added magnesium (0-Mg), 20 % casein, and other nuGross pathological examinations were conducted immediately a f t e r death.
t r i e n t s l i s t e d i n Table 1 . T h e i r c o n t r o l s were fed the same d i e t , but w i t h No blood samples were taken; the i n t a c t hearts and i n t a c t lungs were weighed 100 mg o f magnesium/ 100 g (100-Mg). on a model H 20 M e t t l e r balance without d i s t u r b i n g t h e i r f l u i d contents.
To achieve attenuated magnesium deficiency t h a t o f t e n r e s u l t e d i n spontaneous seizures and death a t two weeks (a model f o r SIDS i n f a n t s t h a t died duri n g the second s i x months of l i f e ) , weanling r a t s were f e d a d i e t t h a t provid-S t a t i s t i c a l analyses were made using standard tables f o r t w o -t a i l e d Stu-5 mg of added magnesium (5-Mg), 40 % casein, and other n u t r i e n t s l i s t e d i n Tad e n t ' s t d i s t r i b u t i o n o r the analysis of variance. The s t a t i s t i c s throughout b l e 1. Their c o n t r o l s were f e d the same d i e t but w i t h 150 mg of magnesium/ t h e study were reported as t h e mean, the standard e r r o r of the mean, the num-100 9 (150-Mg), t h e higher magnesium t o accomidate the higher p r o t e i n , calcium, ber o f samples i n brackets, and the p r o b a b i l i t y . and phosphorus i n the a d d i t i o n a l casein (27) . RESULTS Natural c o n t r o l s were fed l a b o r a t o r y chow (LC) (No. 5001, Ralston Purina CO., St. Louis, Mo.) f o r one o r two weeks. This contained 23.4 % crude vege-GROWTH AND PHYSICAL BEHAVIOR t a b l e p r o t e i n and 210 mg o f magnesium/ 100 g.
Controls. STUDY DESIGNS AND PROCEDURES
Analysis of variance t e s t i n g showed no difference i n the increment o f A r a t was studied once f o r one procedure (blood sampling, pathology, etc.) weight gain between days 13 and 14 i n the three groups o f 10 c o n t r o l r a t s t h a t a t one p o i n t i n the experiment (during seizures, 4 h r post seizures, e t c . ) and were studied f o r growth; t h e i r i n i t i a l weights approximately doubled a t one was then destroyed. There was one exception: the same r a t s i n the electrocarweek and t r i p l e d a t two weeks. A l l c o n t r o l s remained calm throughout the study diograph study were photographed a t autopsy. There were 6 t o 14 samples i n and ignored the a u d i t o r y s t i m u l i ; none developed erythema and none died sponeach f i n a l experimental group, representing 8 t o 15 r a t s per group i n i t i a l l y taneously. r a i s e d f o r study. Some d i e d and could n o t be studied. Hemolyzed samples were discarded. Rarely, plasma from two s i m i l a r animals was combined as one sample.
Acute maqnesium deficiency. A l l chemical determinations i n one experiment could not be conducted simultaneously; 60 r a t s were r a i s e d f o r study a t one time; c o n t r o l l e d studies were run For t h e f i r s t three days, the 0-Mg r a t s i n t h i s study grew as w e l l as the s e r i a l l y i n close sequence. The combined p u r i f i e d c o n t r o l s were therefore the controls, but they then became anorexic and between days 3 and 4 t h e i r weight l a r g e s t groups.
gain was reduced (P<0.05). They began t o develop hyperemia, which was fading by day 6. Between days 6 and 7, the difference i n weight gain between the conBaseline studies were made on day 6 i n a c u t e l y d e f i c i e n t 0-Mg animals w i t h t r o l and acute groups was h i g h l y s i g n i f i c a n t (P<0.001), and t h e animals were no known previous seizures (Fig. I ) , and on day 13 the 5-Mg r a t s w i t h attenuattremorous, h y p e r i r r i t a b l e , w i t h exaggerated s t a r t l e reactions. On day 7, r a t s ed magnesium deficiency.
One day a f t e r baseline studies, s i m i l a r r a t s were t h a t i n i t i a l l y weighed 35-40 g u s u a l l y developed apnea and t o n i c seizures. i n d i v i d u a l l y subjected t o an a u d i t o r y stimulus, r i n g i n g metal keys t h a t had a (Rats t h a t d i d n o t convulse on day 7 often had physical changes suggesting r esound pressure l e v e l of 80 decibels, concentrated between 4 and 32 k i l o h e r t z .
cent seizures, and they were n o t studied). Rats t h a t survived the seizure epi-
The keys were rung u n t i l the r a t s convulsed, b u t not i n excess sf 60 seconds.
sode began t o breathe spontaneously and began t o e x h i b i t v a r i a b l e a c t i v i t y tkt A group of f i v e 0-Mg r a t s w i t h no known seizures were fasted f o r 24 h between included hyperventilation, c l o n i c seizures, o r lassitude, followed by a r e t u r n days 6 and 7 and challenged w i t h a u d i t o r y s t i m u l i .
t o normal a c t i v i t y . They u s u a l l y r e s i s t e d f u r t h e r audiogenic seizures for a t l e a s t 24 h. There were three separate i n v e s t i g a t i o n s concerning blood chemistries t h a t included whole venous blood hematocrit, plasma magnesium, and a c l i n i c a l
No audiogenic seizures could be e l i c i t e d on day 7 i n any o f the 0-Mg r a t s chemical p r o f i l e performed on an autoanalyzer. t h a t had fasted f o r 24 h.
Attenuated magnesi um deficiency.
Between days 2 and 3, the 5-Mg r a t s showed s i g n i f i c a n t l y l e s s weight gain than those fed 150-Mg c o n t r o l d i e t , (P<0.05), a t r e n d t h a t p e r s i s t e d througho u t t h i s study. Erythema u s u a l l y developed by day 7 and faded by day 12, when t h e r a t s were extremely tremorous and h y p e r i r r i t a b l e . When challenged w i t h a u d i t o r y s t i m u l i on day 14, these r a t s u s u a l l y had v i o l e n t and prolonged convulsions and became progressively cyanotic, limp, exhausted, w i t h c o l d paws and often w i t h bloody f r o t h a t t h e mouth o r n o s t r i l s . Some died; s u r v i v i n g animals recovered more slowly than s u r v i v i n g O-Mg r a t s w i t h acute magnesium deficiency. ,?" -? .
CHEMICAL CHANGES IN THE
Greater changes were found i n blood measurements such as the hematocrit and t h e plasma enzyme a c t i v i t y i n t h e convulsing O-Mg r a t s compared w i t h p a i rfed r a t s dying of strychnine seizures (P<0.001).
The mean pH value o f f i v e O-Mg r a t s t h a t d i e d of seizures, 6.94 + 0.01, was s i g n i f i c a n t l y d i f f e r e n t from t h a t of four r a t s t h a t d i e d of strychnTne seizures, 7.09 + 0.01 (P<0.05).
Experiment 2.:
Further studies during the seizure episode i n acute magnesium deficiency.
Blood chemistries were studied before, during, and L, h a f t e r a s i n g l e seizure episode. During t h e seizure episode, the whole venous blood pH decreased ( Fig. 21 , while the hematocrit and plasma magnesium values sharply increased ( Fig. 3 and 4) , r e t u r n i n g t o preseizure l e v e l s during t h e recovery period.
The SMAC c l i n i c a l chemical p r o f i l e was conducted i n the f o l l o w i n g groups of r a t s ; t h e numbers i n brackets i n d i c a t e the f i n a l number o f samples analyzed: p u r i f i e d c o n t r o l s (100-Mg) (22), l a b o r a t o r y chow-fed c o n t r o l s ( 4 ) and a t the f o l l o w i n g times i n magnesium d e f i c i e n t 0-20 r a t s : on day 6 i n animals w i t h no known seizures (9). during a s i n g l e seizure episode (20), L, h a f t e r a seizure episode (51, and 18 h post seizures (6) . The same plasma constituents r e p o r ted i n Table 2 were studied. No s i g n i f i c a n t differences were found i n t h e b l m d chemistries of the 100-Mg and the l a b o r a t o r y chow c o n t r o l s . The values of the 100-Mg c o n t r o l s and the p a t t e r n of change i n the O-Mg r a t s during seizures i n t h i s study were e s s e n t i a l l y the same as corresponding data i n Experiment 1 (Tab l e 2).
One noteworthy change was seen 'i h a f t e r a s i n g l e seizure episode: the mean plasma glucose value increased from the preseizure l e v e l of 148.4 + 7.6 t o 195.2 5 11.8 mg/dl (P<0.01).
Within 18 h of a s i n g l e seizure episode, a l l blood chemistries had returned t o preseizure l e v e l s .
A d d i t i o n a l studies i n acute magnesium d e f i c i e n c y on days 6 and 7.
Plasma osmolality. No difference was found i n t h e plasma o s m o l a l i t y of 100-Mg c o n t r o l s , 306.0 t 1.54 (4) and O-Mg r a t s w i t h no known seizures (306.6 + 2.07 ( 4 ) , but a f t e r tiie onset of tetany, the o s m o l a l i t y was increased 337.7 T 3.6 ( 4 ) (P<0.001), and i t f u r t h e r increased a f t e r prolonged seizures i o 353.2 F 4 . 6 (4) (P<0.001), and a f t e r f a t a l seizures t o 407.0 + 5.6 (2). Plasma specific q r a v i t y . The mean plasma s p e c i f i c g r a v i t y f o r two 100-Mg c o n t r o l s was 1.03. Mean values found i n two O-Mg r a t s were 1.027 i n r a t s w i t h no known seizures, 1.03 a t t h e onset of seizures. 1.035 a f t e r orolonoed s e izures, and greater than 1.035 a f t e r f a t a l seizures. These date follow the trend o f the plasma osmolality.
The mean o s m o l a l i t v o f f i v~ 0-Mo r a t s t h a t f a s t e d f n r

t h a t d i e d (P<0.001).
The mean plasma magnesium value o f 5-Mg r a t s followed the p a t t e r n of change shown i n the O-Mg r a t s i n Fig. 4 . P r i o r t o known seizures, the value was, i n mEq1 l i t e r , 0.43 + 0.02 (10) . which increased t o 1.39 + 0.12 (6) post repeated seizures (P<0.0017, and returned t o the preseizure l e v e l , 0.40 + 0.02 (10) 18 h a f t e r seizures.
The SMAC c l i n i c a l chemical r o f i l e was conducted i n 150-Mg c o n t r o l s (12), l a b o r a t o r y chow-fed c o n t r o l s (117, post repeated seizures (7). a t the p o i n t of death (7). and 18 h post seizures (7). The 150-Mg c o n t r o l plasma p r o t e i n value, 4.83 + 0.05 g/dl (12) and urea n i t r o g e n value, 30.16 + 1.80 mgldl (12) were both higher than corresponding values found i n 100-Mg c o n t r o l s (Table 2 ) (P<0.001).
Hiqhest values f o r blood urea n i t r o g e n were found a f t e r seizures i n m o r i b u n d . 5 -~~ animals, 36.75 2 1.43 mg/dl ( 7 ) , which was s i g n i f i c a n t l y higher than the 5-Mg preseizure value, 30.41 + 0.67 mg/dl (12) (P<0.001). S i m i l a r l y , the u r i c a c i d values a t the p o i n t o f death were 3.50 t 1.50 mgldl ( 7 ) , increased compared t o preseizure values, 1.82 + 0.26 mgldl (72) (Pi0.001). As i n the f i r s t two experiments, n e a r l y a l l o f t h e blood components tested, i n c l u d i n g t h e plasma enzyme a c t i v i t y , increased s i g n i f i c a n t l y d u r i n g seizures, b u t then q u i c k l y returned t o preseizure l e v e l s ; o n l y three plasma values were s t i l l sign i f i c a n t l y elevated above the preseizure l e v e l 18 h post seizures: calcium (P<0.025); protein, (P<0.05), and urea nitrogen, (P<0.05).
ELECTROCARDIOGRAPHIC CHANGES
Changes i n the electrocardiograms are shown i n Fig. 5 , and are described i n the legend.
GROSS PATHOLOGICAL CHANGES
Findings a f t e r f a t a l seizures due t o maqnesium deficiency.
External features. Control r a t s fed the p u r i f i e d d i e t s and those fed l a bo r a t o r y chow were indistinguishable.
Rats dying of acute magnesium d e f i c i e n c y appeared t o be w e l l hydrated and i n good physical condition, although t h e i r body weights were lower than the mean weights o f magnesium-fed c o n t r o l s . Rats dvina of attenuated maonesium d e f i c i e n c v had coarser and t h i n n e r coats and weighed l e s s than c o n t f o l s , b u t they a~e a r e d t o be well hydrated and adequate l y nourished.
Rats t h a t d i e d q u i c k l y i n apnea and tetany r a r e l y showed more than m i l d cyanosis. Those dying a f t e r prolonged seizures, whether from acute o r a t t e nuated magnesium deficiency, were deeply cyanotic, and they o f t e n had f r o t h i n the n o s t r i l s . They often wedged the muzzle area o f t h e i r faces i n t o a corner, sometimes securing a w i r e o f the cage i n t h e i r mouths. T h e i r forepaws were t i g h t l y flexed. I n t e r n a l features. The 100-Mg c o n t r o l s had l i g h t salmon-colored lungs that f i l l e d about two-thirds o f t h e t h o r a c i c c a v i t y . There were no areas of inflammation and no petechiae (Fig. 6 ). About 0.5 ml of u r i n e could u s u a l l y be obtained from the u r i n a r y bladder.
The lungs o f O-Mg r a t s t h a t had had no known seizures were s l i g h t l y i nflamed, and t h e i r hearts were n o t remarkable.
The i n t e r n a l pathological changes were c h i e f l y i n t r a t h o r a c i c i n magnesium d e f i c i e n t r a t s t h a t died spontaneously a f t e r a sudden apneic and t e t a n i c e p isode. The animals represented i n Fig. 6 weighed 28-32 g i n i t i a l l y , and they were shipped i n December, 1977, a c o l d month. I n these O-Mg r a t s , scattered petechiae were u s u a l l y found on t h e pleura, t h e thymus, and the pericardium. The lungs were f u l l y expanded and d i d n o t collapse w i t h time; plum-colored areas extended from the h i l u s and i n scattered patches throughout. Edema and congestion were seen on the c u t surface, and foamy f l u i d , sometimes bloodtinged, was found i n the bronchi. The r i g h t a t r i u m and the r i g h t v e n t r i c l e were often distended w i t h dark, f l u i d blood. The l i v e r s were darker than tho= o f the 100-Mq c o n t r o l s . The u r i n a r y bladders were contracted and empty. These features describe a l l magnesium d e f i c i e n t weanling r a t s dying spontaneously throughout t h i s study, w i t h some v a r i a t i o n i n the number and d i s t r i b u t i o n of petechiae, lung expansion, s e v e r i t y o f hemorrhage, and o t h e r pathological findings. The most severe changes were u s u a l l y found i n the smallest and youngest animals.
Both the hearts and lungs of the O-Mg r a t s t h a t d i e d of seizures weighed more than those of O-Mg r a t s w i t h no known seizures. The weights i n grams o f four r a t s from each of these two groups were, r e s p e c t i v e l y : body weights, 53.9 + 0.5 and 53.8 t 0.8; lungs, 0.831 t 0.038 and 0.585 + 0.05 (P<0.001); and iiearts, 0.636 +-0.042 and 0.40 + 0.m (P<0.005).
Findings a f t e r f a t a l seizures due t o strychnine poisonine.
The 100-Mg r a t s t h a t d i e d o f seizures due t o strychnine poisoning were m i l d l v cvanotic. and t h e i r bodies and hind leas were i n r i o i d extension. Their Plasma l a c t i c acid. Plasma l a c t i c acid, determined i n t h r e e r a t s i n each lung<we;e s l i g h t l y inflamed and, of four rat; examined, t i o e a c h~h i d two small group, was, i n mgldl: 49.3 + 12.2 i n sedated 100-Mg controls, 60.7 + 6.3 i n petechiae on the pleurae. T h e i r body weights and t h e weights o f t h e i r lungs tremorous O-Mg r a t s , and 117.2'+ 13.1 i n r a t s w i t h severe convulsions. and hearts were n o t s i g n i f i c a n t l y d i f f e r e n t from the weights o f four 100-Mg controls. These respective weights i n grams were: body weights, 67.0 + 2.8
Right v e n t r i c u l a r pCO2. The r i g h t v e n t r i c u l a r blood pCOp of 100-Mg con- Studies during the seizure episode i n attenuated magnesium deficiency.
Blood chemistries were studied before, during, 18 h a f t e r seizures, and a t death. The 5-Mg r a t s i n the two-week study of attenuated magnesium d e f i ciency showed a p a t t e r n of change s i m i l a r t o t h a t o f O-Mg r a t s w i t h acute magnesium deficiency: values were d i s t o r t e d during o r soon a f t e r seizures and u s u a l l y returned t o t h e preseizure l e v e l w i t h i n 18 h post seizures.
The venous blood pH o f 150-Mg c o n t r o l s and 100-Mg c o n t r o l s was the same, and the 5-Mg r a t s c l o s e l y followed the p a t t e r n of the O-Mg r a t s shown i n Fig.   2 . The mean hematocrit o f the 150-Mg r a t s was, i n percent: 34.5 + 0.68, s i gn i f i c a n t l y higher than t h a t o f t h e 100-Mg r a t s (Fig. 3)(P<0.001) .
The p r e s e i - The present study examined the sudden, p o t e n t i a l l y f a t a l seizure episode i n the magnesium deficiency syndrome i n weanling r a t s serving as models f o r the human i n f a n t of several months t o one year of age. The model f o r t h e i nfant during the f i r s t s i x months o f l i f e was studied i n more d e t a i l , because the greatest number of SIDS deaths occur before s i x months o f age (87), w i t h a peak incidence between two and four months (8, 87) . Since the newborn r a t has many c h a r a c t e r i s t i c s o f the premature human i n f a n t (37), an early-weaned r a t i s an approximate model f o r the f u l l term human infant.
If three years i n the l i f e of a r a t i s approxin~ately equal t o 90 years o f human l i f e (37), s i x rat-days would correspo~id t o about s i x months of human l i f e . The r a t e of growth i n the c o n t r o l r a t s i s s i m i l a r t o t h a t of t h e f u l l term human i n f a n t t h a t u s u a l l y doubles h i s b i r t h weight i n f i v e months and t r i p l e s i t i n one year (89) .
An attenuated magnesium deficiency (27) was produced by feeding an amount of magnesium known t o support l i f e under normal d i e t a r y conditions (20). combined w i t h high d i e t a r y p r o t e i n , which increases the metabolic requirement f o r magnesium and aggravates the magnesium deficiency syndrome (15, 20, 57) 
magnesium, were unable t o completely u t i l i z e t h i s l a r g e load o f d i e t a r y protein.
COMPARISON OF CHANGES FOLLOWING FATAL SEIZURES DUE TO ACUTE MAGNESIUM DEFICIENCY WITH THOSE DUE TO STRYCHNINE
The data i n Experiment 1 showed t h a t the biochemical changes i n 0-Mg r a t s t h a t survived seizures were more severe than the changes a f t e r f a t a l stryclnine seizures. The maqnesium d e f i c i e n t r a t s had evidence o f areater hemoconcentrat i o n than the strychnine-treated r a t s , and o n l y the magnesium d e f i c i e n t a n i m l s had evidence of s i g n i f i c a n t increases of f l u i d i n the lungs. The increase i n a c t i v i t y of SGOT, SGPT, LDH, and c r e a t i n e kinase followina the seizure eoisndp ~ ~ -...
of magnesium deficiency was greater than the increase t h a t followed f a t & strychnine seizures. This suggests a greater increase i n membrane permeability i n the magnesium d e f i c i e n t animals a t t h a t time. Kulka (50) reoorted temDorarv plasma~leakage from d i l a t e d vessels i n the ears of ma4ne;ium'deficient'~eaniin~ r a t s .
COMPARISON OF REPORTED FINDINGS IN SHOCI : WITH THOSE OF THE SEIZURE-SHOCK EPISODE OF MAGNESIUM DEFICIENCY
Physical f i n d i n g s . The c l a s s i c symptom complex comon t o a l l forms o f shock may include apathy, p a l l o r , hypothermia, hypotonia, and tremors (92). P a r t i c u l a r l y i n anaphylactic shock, the onset may be sudden and unexpected, and the c o n d i t i o n may be r a p i d l y f a t a l (6, 931, o r s e l f l i m i t i n g (93) , followed by r a p i d and complete recovery (33).
The r a t s i n the present study appeared t o be i n shock during the seizure episode. The u n p r e d i c t a b i l i t y of t h e i r courses, ranging from p r e c i p i t o u s death t o spontaneous, r a p i d recovery, was l i k e t h a t o f anaphylactic shock. Electrocardiographic changes. Variable changes i n rate, rhythm, and the configuration of the ST and T complexes of the electrocardiogram have been r eported i n anaphylactic shock (11, 13, 43), w i t h reversal t o the preshock patt e r n w i t h i n 3% hours i n one p a t i e n t (13) The electrocardiographic changes i n 0-Mg r a t s i n the present experiment were nonspecific.
They also involved changes i n r a t e , rhythm, and what appeared t o be the ST-T complexes, and r a p i d l y normalized i n recovering animals.
Chemical changes i n the blood. Many conditions such as hemorrhage, trauma, and anaphylaxis can cause a shock s t a t e (10, 75) 
which i n i t i a t e s a chain o f biochemical events t h a t tends t o maintain the shock (10). This may include i nvolvement o f neurohumoral t r a n s m i t t e r s and vasoactive substances, and possibly various proteases, lysosomal enzymes, and k i n i n s (10). I n anaphylaxis, the c l i n i c a l manifestations are e n t i r e l y due t o the a c t i o n of diverse chemical mediators t h a t are r a p i d l y released. Histamine, slow r e a c t i n g substance o f anaphylaxis, and e o s i n o p h i l i c chemotactic factor a c t t o increase vascular perm e a b i l i t y , c o n t r a c t smooth muscle, and a t t r a c t inflamnatory c e l l s ( 6 ) .
Changes i n the blood chemistries comnon t o a l l forms of shock may include the following, w i t h modifications depending on the form o f shock: decreased pH; increased hematocrit; increased plasma potassium, calcium, magnesium, and phosphorus; an e a r l y r i s e and subsequent d e c l i n e i n plasma glucose; e l e v a t i o n of plasma non-protein n i t r o g e n components; and increased a c t i v i t y of several enzymes i n plasma, i n c l u d i n g SGOT, SGPT, and LDil ( 4 4 3 9 , 75).
During and immediately a f t e r the seizure episode, the r a t s i n the present study had chemical changes i n the blood s i m i l a r t o those o f shock. Terminal findings included e l e v a t i o n of both plasma pC02 and plasma l a c t a t e , associated w i t h a decreased blood pH. As Moore pointed o u t (59), t h i s combination o f chemical changes suggests t h a t the parenchymatous pulmonary disease may have superimposed r e s p i r a t o r y acidosis upon the already mounting l a c t i c acidosis of the low flow s t a t e of shock. The r a t s were apparently i n shock during the seizure episode which might w e l l be c a l l e d seizure-shock. Pathological changes. I n anaphylactic shock as i t occurs i n man (51) and c a t t l e (3), f i n d i n g s include f r o t h y f l u i d s i n the bronchi and generally i n f l a ted lunqs t h a t f i l l both p l e u r a l c a v i t i e s . These lungs weigh more than usual and show areas o f p i n k emphysema and plum-colored a t e l e c t a s i s and scattered petechiae on the v i s c e r a l pleurae. The heart may show r i g h t v e n t r i c u l a r d i la t a t i o n (51), and the u r i n a r y bladder i s u s u a l l y empty (33).
The pathological changes of animals dying suddenly o f magnesium deficiency c l o s e l y resembled the above description. As noted above, these f i n d i n g s were n o t seen i n r a t s dying o f strychnine seizures, although tetany, apnea, and sometimes c l o n i c seizure a c t i v i t y was comnon t o both syndromes. The cause of death i n strychnine poisoning i s generally considered t o be hypoxia (36). The pathological changes o f magnesium d e f i c i e n c y were n o t due t o the physical a c ti v i t y during seizures, b u t could have been r e l a t e d t o the biochemical events i n i t i a t e d during the seizure-shock episode.
COMPARISON OF REPORTED FINDINGS IN SIDS WITH THE SEIZURE-SHOCK EPISODE OF MAGNESIUM DEFICIENCY
Neonatal features and rowth. Prospective studies have shown t h a t the SIDS i n f a n t was o f t e n born :rematurely (8, 40), o r was underweight f o r gestat i o n a l age (61), had lower Apgar scores (611, was i n greater p e r i n a t a l d i stress, was more i r r i t a b l e (61, 65), and had some impairment o f growth e i t h e r throughout the f i r s t s i x months (65), o r j u s t before death (61).
Unlike the SIDS babies, t h e r a t s i n the present study were normal u n t i l f e d the magnesium-restricted d i e t s . The acutely d e f i c i e n t r a t s had impaired growth t e r m i n a l l y , and r a t s w i t h attenuated magnesium d e f i c i e n c y had suboptima l growth throughout the study. Thus both types o f growth r e t a r d a t i o n found i n SIDS (61, 65) were represented. A b e t t e r model f o r SIDS might have been pups born t o magnesium d e f i c i e n t dams; i n t h i s s i t u a t i o n the dams look w e l l , but the pups may be s t i l l b o r n (go), o f low b i r t h weight (34, 901, and have high p e r in a t a l m o r b i d i t y (34,90) and m o r t a l i t y (90).
Physical and electrocardiographic chanqes during apparent l i f e -t h r e a t e ni n g episgdfs. Severe, apparently l i f e -t h r e a t e n i n g episodes suggested t o Bergman 9 t h a t there might be a continuum o f s e v e r i t y i n the sudden i n f a n t death syndrome. H a r r i s (46) described an i n f a n t who had syncopal episodes of sudden onset during which the electrocardiogram revealed v e n t r i c u l a r r a t e s of 30 t o 40 / min.. but was normal between attacks. The i n f a n t died suddenly duri n g such an epi;ode; petechiae, presumably i n t r a t h o r a c i c , were found on postmortem examination (46). Froggatt e t a l . (38) emphasized the h i s t o r y of previous f a i n t i n g , cyanotic o r apneic episodes, o r p e r i o d i c breathing. Steinschneider (78) studied f i v e i n f a n t s who developed apnea and cyanotic episodes of undetermined o r i g i n ; two died o f SIDS. I n one baby he studied, the bradycardia improved when the cardiac e l e c t r i c a l a c t i v i t y was i n i t i a t e d from an ect o p i c focus (77) . Stevens (79) traced the progression i n four i n f a n t s from the sudden onset o f apnea, p a l l o r , and bradycardia t o labored and deep i n s p i r a t o r y efforts, and f i n a l l y death w i t h over-inflated lungs. I n a study o f cardiac responsiveness t o an a u d i t o r y stimulus, Salk e t a l . (72) noted t h a t the future SIDS v i c t i m showed more l a b i l i t y i n cardiac r a t e and poorer s t a b i l i z a t i o n o f r a t e than o t h e r i n f a n t s t h a t survived. A number of these f i n d i n g s have been a t t r i b u t e d t o i n s t a b i l i t y of the autonomic nervous system (72, 77, 78) .
Geertinger emphasized sudden, b r i e f f i t s o f r i g i d i t y associated w i t h p a ll o r o r cyanosis, abrupt onset o f d i f f i c u l t breathing, and a strange look o r glassy stare i n i n f a n t s t h a t subsequently died of SIDS and suggested t h a t such i n f a n t s may have had an e l e c t r o l y t e imbalance (40).
I n the week before death, and p a r t i c u l a r l y i n the 24 t o 48 h p e r i o d p r i o r t o death, symptoms comnonly reported i n SIDS i n f a n t s included i r r i t a b i l i t y , l o s s of appetite, restlessness, dyspnea, and p r o t r a c t e d crying, sometimes of abnormal p i t c h (2, 31, 38, 61, 69, 86) .
During the l a s t few days o f l i f e , the r a t s f e d magnesium d e f i c i e n t d i e t s were anorexic and apathetic, but when disturbed they were j i t t e r y , tremulous, and had exaggerated s t a r t l e reactions, sometimes w i t h b r i e f t e t a n i c spasms and sudden p a l l o r (blanching o f the ears). During the terminal episode, some r a t s emitted s h r i l l squeaks.
Magnesium d e f i c i e n t r a t s appeared t o have i n s t a b i l i t y of the autonomic nervous system. They showed h y p e r s e n s i t i v i t y t o movement (handling) o r t o a u d i t o r y stimuliand developed sudden l o s s o f consciousness, prolonged apnea, and electrocardiographic changes (bradycardia o f about one-third o f t h e normal cardiac rate, sinus a r r e s t w i t h v e n t r i c u l a r complexes i n i t i a t i n g from one o r two f o c i . and sudden s h i f t s o f cardiac r a t e and rhvthm). The normal appearance of the electrocardiogram one day a f t e r n e a r -f i t a l s e i z u r e s corresponded t o the normal electrocardiograms t h a t H a r r i s found between episodes of vasovagal syncope i n a f u t u r e SIDS i n f a n t (46). The most remarkable s i m i l a r i t y between the sudden episode of magnesium d e f i c i e n c y and SIDS was the a b i l i t y o f the magnesium d e f i c i e n t baby r a t and the human i n f a n t t o suddenly collapse and e i t h e r d i e o r spontaneously recover, appear normal f o r a time. and then suddenlv die.
Blood chemistries before, during, and followinq l i f e -t h r e a t e n i n g episodes. Some o f the changes i n blood chemistries t h a t have been found i n SIDS include severe acidosis, hyperkalemia, inconstant hypercalcemia, v a r i a b l e abnormalities i n blood sugar values, very high blood urea l e v e l s , markedly increased a c t i v i t y o f serum LDH and SGOT, and high plasma o s m o l a l i t y (53,55236).
As the i n v e s t i ga t o r s have pointed out, f i n d i n g s from blood samples taken postmortem must b~ evaluated i n c o n t r o l l e d studies. Changes l i k e those described above were fomd i n a f u t u r e SIDS i n f a n t who was s t r i c k e n a t home and studied during l i f e a t the Massachusetts General Hospital (30). His i n i t i a l f i n d i n g s included severe meta b o l i c acidosis; elevation of serum potassium, urea nitrogen, glucose, osmolali t y , and SGOT a c t i v i t y ; and high normal CPK plasma a c t i v i t y . The T waves o f the electrocardiogram were peaked, p o s s i b l y due t o hyperkalemia. The osmolali t y was unexplained; Brady (12) pointed out t h a t there was no dehydration, diarrhea, o r hyperpyrexia.
I n the present study, the blood sampled i n l i v i n g 0-Mg and 5-Mg animals a f t e r seizures showed the nonspecific changes found i n shock i n man (44,75), as w e l l as the changes found i n t h e SIDS v i c t i m during l i f e (30) and i n SIDS i n f a n t s a f t e r death- (53, 55, 86) .
Apparently new findings i n the blood chemist r i e s associated w i t h the seizure-shock episode o f magnesium d e f i c i e n c y i n c l u & a sharp increase i n plasma osmolality, hematocrit, blood sugar, blood urea n itrogen, u r i c acid, and the a c t i v i t y o f SGOT, SGPT, LDH, and c r e a t i n e kinase. The increases i n plasma potassium and t h e increased plasma enzyme a c t i v i t y suggest increased membrane permeability (44). This study demonstrated the l a b i li t y of plasma magnesium and the u n r e l i a b i l i t y of plasma as a diagnostic tissue.
Few studies have been made during the seizure episode of magnesium deficiency; no chemical studies could be found i n t h e very young mamnal. I n a study of a d u l t magnesium d e f i c i e n t r a t s , Martindale and Heaton (54) noted increased plasma calcium, inorganic phosphorus, and magnesium a f t e r convulsions, w i t h no change i n plasma potassium o r s p e c i f i c g r a v i t y , suggesting m o b i l i z a t i o n of skeF eta1 r a t h e r than i n t r a c e l l u l a r e l e c t r o l y t e s and no appreciable hemoconcentrat i o n . I n view o f the higher m o r t a l i t y i n the very young, one would expect greater d i s t o r t i o n s o f plasma chemistries i n weanling r a t s than i n mature a n imals. Prolonged f a s t i n g ( i n c a t t l e ) has p r e v i o u s l y been associated w i t h a f a l l i n serum magnesium, frequently w i t h i n t h e hypomagnesemic range (70). The young magnesium d e f i c i e n t r a t s responded i n i t i a l l y t o f a s t i n g w i t h elevated plasma magnesium t h a t apparently protected them from audiogenic seizures. gesting intemortem (8, 12, 69) . The f a i e may-be :overed with-bedding- (2, 69) , o r may be s t r a i g h t down i n the bedding, w i t h pressure p a l l o r i n v o l vi n g the center o f t h e face ( 8 ) . Smothering can u s u a l l y be r k l e d o u t (2, 8, 781 Convulsions (911. oasoina r e s o i r a t i o n s (91) . and o t h e r a c t i v i t v have been observed i n some infant; (52); ' o t h e r s have been observed t o d i c q u i e t l y i n a matter of minutes (46, 82, 91) .
I n the animal model, some r a t s d i e d a f t e r severe convulsions. Others died p e a c e f u l l y a f t e r c i r c u l i n g once, when they f e l l over unconscious, w i t h tetany, apnea, and bradycardia (Fig. 5 ) . The usual f i n d i n g s o f the weanling r a t dying of the magnesium d e f i c i e n c y syndrome included cyanosis, frothy f l u i d a t the mouth and n o s t r i l s , wedging o f the nose and mouth, t i g h t f l e x i o n of the forepaws, and r i g i d extension of the hind legs (49).
Gross pathological changes following sudden death: I n t e r n a l features. The most s t r i k i n g gross pathological changes i n SIDS are i n t r a t h o r a c i c (1, 2, 8, 31, 40, 53, 82, (86) (87) (88) . The lungs are often so expanded t h a t they complet e l y fill the thoracic c a v i t y (12, 88); i n other cases (53), the lungs are norm a l l y expanded. Variable numbers o f petechiae may be present i n the pleura, thymus, and epicardium (1, 8, 12, 82, (86) (87) (88) : they have been a t t r i b u t e d t o hypoxia p r i o r t o cardiac a r r e s t and t o viqorous r e s p i r a t o r y movement (42). Most of the lobe of a lung may be purple, p o o r l y aerated, w i t h varying amounts of edema and congestion seen on c u t surface (1,8,31,82,86-88 91) . The blood i n the heart i s f l u i d ( 8, 82, 88) , and the r i g h t heart may b; distended (8, 82) . The u r i n a r y bladder i s u s u a l l y empty (8,88).
I n t h i s study, young 0-Mg r a t s dying a f t e r sudden seizure-shock episodes had gross i n t r a t h o r a c i c pathology (Fig. 6 ) t h a t was remarkably s i m i l a r t o t h a t found i n SIDS (Fig. 7) ; young magnesium d e f i c i e n t r a t s examined a t other tines i n the magnesium d e f i c i e n c y syndrome i n the present experiments and i n other studies (50,76) showed no such changes. A l l o f t h e conditions i n f l u e n c i n g the pathological changes are n o t understood. Postmortem findings i n lambs and calves dying of seizures due t o magnesium deficiency have been reported as extensive hemorrhages coupled w i t h acute congestion of i n t e r n a l organs, which were a t t r i b u t e d t o the violence of the convulsions (70).
PART 11. TESTING THE HYPOTHESIS I N HUMAN SUBJECTS (A REVIEW OF PREVIOUSLY REPORTED STUDIES)
A. TESTIllG THE HYPOTHESIS DIRECTLY.
Studies i n SIDS cases and c o n t r o l s .
To l e a r n whether o r n o t there i s an absolute o r r e l a t i v e d e f i c i e n c y o f magnesium i n SIDS, one would analyze appropriate diagnostic tissues i n SIDS and c o n t r o l i n f a n t s for magnesium and i n t e r r e l a t e d minerals and compare the r e s u l t s Accordingly, several i n v e s t i g a t o r s have analyzed blood plasma, l i v e r , and v i treous humor and have found no abnormality i n magnesium concentration i n SIDS, as r e c e n t l y reviewed (8, 27, 88) .
Plasma, l i v e r , and v i t r e o u s humor are inappropriate tissues t o e s t a b l i s h the diagnosis o f magnesium d e f i c i e n c y post mortem. Plasma magnesium i s extremely l a b i l e , sharply increasing during seizures and a f t e r death i n c h i l dr e n and animals (27). The concentration o f magnesium i n l i v e r does not decrease during acute magnesium d e f i c i e n c y (20, 27) .
S w i f t and associates (80) found t h a t the magnesium l e v e l o f v i t r e o u s humor i n human infants are ager e l a t e d , w i t h highest l e v e l s i n the neonate, and w i t h a wide range o f values f o r each age group.
Studies i n an animal model f o r the human i n f a n t of SIDS age
We studied an animal model t o determine the optimal t i s s u e and conditions needed t o assess the magnesium status o f a young mammal a f t e r death (27). The l i t e r a t u r e regarding changes i n mammalian t i s s u e s i n magnesium d e f i c i e n c y r eveals c o n f l i c t i n g r e s u l t s . No studies of the v i t r e o u s humor i n any mamnal with biochemically established magnesium depletion could be found.
Vitreous magnesium. We (27) measured v i t r e o u s magnesium i n 0-Mg and i n 100-Mg r a t s ( t h e l a t t e r represents 2.5 times the recornended d a i l y allowance for growing r a t s ) . The values a l l f e l l w i t h i n a narrow range, and there was considerable overlapping of i n d i v i d u a l values among the three groups. Grouped data showed a s i g n i f i c a n t d i f f e r e n c e between 0-Mg experimental animals and 100-Mg controls, but n o t l a b o r a t o r y chow controls. The v i t r e o u s magnesium d i d n o t r e f l e c t the known degree o f magnesium deficiency.
The optimal t i s s u e and conditions found. Bone was found t o be t h e best t i s s u e t o determine whether o r n o t a young mamnal has adequate stores. Since d i f f e r e n t bones from the same animal d i d n o t a l l have t h e same mineral composi t i o n , one bone must be selected f o r analysis. The i r r e g u l a r d i s t r i b u t i o n ' of magnesium w i t h i n a s i n g l e bone warrants the study o f one e n t i r e bone (27).
TESTING THE HYPOTHESIS INDIRECTLY.
The r e s u l t s o f some studies o f magnesium metabolism i n young mothers, i nfants, and c h i l d r e n can be matched against known f a c t s i n the sudden i n f a n t death syndrome; t h i s c o n s t i t u t e s an i n d i r e c t t e s t f o r t h e hypothesis. The plasma and u r i n a r y magnesium values and the r e s u l t s of the parenteral magnesiun load t e s t were determined.
The parenteral magnesium load t e s t . This t e s t has been used extensively t o assess the magnesium status o f i n d i v i d u a l s during l i f e ( 22, 23, 25, 45, 83) It i s e s s e n t i a l l y a t e s t o f t i s s u e saturation o f magnesium, based on the f a c t t h a t the normal kidney regulates the body stores of magnesium, promptly excreti n an excess, but a v i d l y r e t a i n i n g t h e mineral during a d e f i c i e n c y s t a t e (45, 833. It was introduced because although low plasma magnesium values u s u a l l y i n d i c a t e magnesium deficiency, normal plasma magnesium values are u n r e l i a b l e (21, 22, 58) .
A preload c o l l e c t i o n o f u r i n e i s made; 0.5 mEq of magnesium1 kg of body weight i s given parenterally; postload u r i n e i s c o l l e c t e d ( t h e time depending on the age and m a t u r i t y o f t h e p a t i e n t ; i t i s u s u a l l y 24 h f o r c h i l d r e n ) ; u r i na r y magnesium i s measured; and the percent r e t e n t i o n i s calculated. Retention o f up t o 40 % o f the load i s u s u a l l y considered normal f o r c h i l d r e n over one month o f age (26, 45, 83) , and f o r a d u l t s (83); higher r e t e n t i o n suggests def i c i e n c y .
For example, i n a study of malnourished 25-month-old Thai c h i l d r e n weighi n g about 7 kg, 15 w i t h known mineral losses through prolonged severe antecede n t diarrhea r e t a i n e d 73 % of the load, while 15 w i t h l i t t l e o r no diarrhea ret a i n e d o n l y 27 % i n i t i a l l y . On day 70 when c l i n i c a l l y well, the mean r e t e n t i m of t h e e n t i r e group was 17 %. The t e s t appeared t o be a r e l i a b l e guide t o the expected magnesium stores i n the c h i l d r e n (22).
STUDIES IN HUMAN MOTHERS
A study i n w e l l nourished Thai mothers.
A study was made t o assess the magnesium stores of postpartum Thai women whose t y p i c a l l y O r i e n t a l d i e t s included an abundance of magnesium-rich foods, such as nuts, legumes and other green vegetables, and shrimp (23). Their magnesium s t a t u s was evaluated by plasma and u r i n a r y preload magnesium values and by t h e parenteral magnesium load t e s t , i n which the dose of 0.4 mEq of magnesium/ kg of estimated lean body weight was given.
Nulliparous c o n t r o l s retained 22.6 + 6 % (9), and postpartum women, 36.7 + 4.7 % (24) of the magnesium load; the Lumbers represent the mean, SEM (numc e r i n sample). Despite high p a r i t y and prolonged l a c t a t i o n i n some, there was no o b l i g a t o r y r e t e n t i o n ; over one-third of the p a t i e n t s r e t a i n e d a mean of o n l y 9 % of the load.
A study of low income urban American mothers.
A subsequent study was made t o assess the magnesium status i n 185 postpartum women i n St. Louis C i t y and St. Louis County Hospitals. The p a t i e n t s were tested i n the same manner as the Thai women and they r e t a i n e d a mean o f 51 % of the parenteral load, w i t h a range of 0 t o 100 %. P a t i e n t s w i t h high r e t e n t i o n o f magnesium reported a high i n t a k e o f r efined starches and fats, a magnesium-poor d i e t t h a t was f a i r l y t y p i c a l of the d i e t s o f the low income young urban women. P a t i e n t s w i t h high r e t e n t i o n had lower plasma magnesium and lower preload u r i n a r y magnesium values than patients who retained l e s s than 40 % of the load.
The strongest evidence for magnesium deficiency, mean r e t e n t i o n exceeding 90 1 o f the parenteral magnesium load, was found i n young mothers o f twins and i n multiparas l e s s than 17 years o f age; t h i s appears t o r e f l e c t the high magnesium requirement of adolescent growth and m u l t i p l e o r repeated pregnancies.
Multiparous mothers over 30 years o f age had the longest i n t e r v a l since the previous pregnancy and the lowest r e t e n t i o n value, 32.3 2 5.8 % (18).
Maternal f a c t o r s i n SIDS.
I n t h e l i g h t of the foregoing, i t i s useful t o consider some observations i n SIDS:
1. SIDS has been reported predominantly i n Western c u l t u r e s (8). I n Cal i f o rn i a (48), Oriental people had the lowest incidence of SIDS.
2. The incidence of SIDS i s high among economically depressed urban dwellers, and lower i n predominantly a g r i c u l t u r a l areas (8, 39).
3. There i s a s i g n i f i c a n t l y increased r i s k f o r young mothers of increased p a r i t y (39)
4. The incidence i s high if mothers are l e s s than 20 years of age, lower i n o l d e r mothers (48).
5. Twins have a higher r i s k than singleton b i r t h s (8, 40, 48, 88) , and the r i s k f u r t h e r increases f o r t r i p l e t s (48).
6. There i s a s i g n i f i c a n t recurrence r a t e i n f a m i l i e s ; i t i s n o t thought t o i n v o l v e any s p e c i f i c inheritance mechanisms (38).
A possible i n t e r p r e t a t i o n o f maternal f a c t o r s i n SIDS. The Thai mothers represent the O r i e n t a l whose d i e t i s r i c h i n magnesium and o t h e r minerals. They serve as a c o n t r o l f o r the low income urban American women, whose d i e t i s often poor i n magnesium. The high requirements during adolescent growth and repeated pregnancies may n o t be met from such a d i e t . The heaviest demands f o r magnesium would be during t w i n o r m u l t i p l e pregnancies i n young women, o r i n c l o s e l y spaced, successive pregnancies t h a t do n o t permit time f o r maternal r e p l e t i o n o f e s s e n t i a l n u t r i e n t s . This might e x p l a i n the high incidence i n i n f a n t s born t o young multiparas, i n twins, and the recurrence o f SIDS i n families. The aqe difference. The magnesium d e f i c i e n c y syndrome would be expected t o be more acute and more l e t h a l i n young i n f a n t s o f SIDS age than i n 1-t o 4-year-old c h i l d r e n . And i t i s evident t h a t t h e nonspecific signs and symptoms 16. l i n k e d w i t h hypomagnesemia i n young infants and c h i l d r e n are e s s e n t i a l l y the same as the signs and symptoms l i n k e d w i t h SIDS. Caddell, J.L. and Goddard, D.R.: Studies i n p r o t e i n -c a l o r i e m a l n u t r i t i o n . I. Chemical evidence f o r magnesium deficiency. N. Engl. J. Med., 276: 533 (1967) .
Depletion r e s u l t i n q from growth i n a subject w i t h poor magnesium reserves.
17. Premature o r low b i r t h weight infants, over-represented i n SIDS, have low magnesium requirements t o support "catch-up growth" (24). Sudden i n f a n t death i s more comnon i n bottle-fed than breast-fed infants (66, 88) . P o r t e r (66) bel i e v e s t h a t SIDS i n f a n t s receive excess p r o t e i n from r e c o n s t i t u t e d d r i e d cow's 18. m i l k and i n f a n t cereal preparations. Such foods are a l s o r i c h i n calcium and phosphorus. A r t i f i c i a l l y fed i n f a n t s might develop a c r i t i c a l imbalance r es u l t i n g i n r e l a t i v e magnesium deficiency (19). Breast feeding would n o t pro-19. t e c t the i n f a n t if the mother were malnourished, as i n Templeman's series o f d e s t i t u t e , multiparous m t h e r s (82) . Maternal magnesium deficiency i s r ef l e c t e d i n magnesium-poor m i l k (41, 901, which may lead t o magnesium deficien-20. c y i n nursing o f f s p r i n g (90) .
Studies i n American infants 1-6 months of age w i t h possible near miss episodes 21. W e have been u t i l i z i n g the parenteral magnesium load t e s t t o assess the magnesium stores of infants referred t o t h e Cardinal Glennon Memorial Hospital f o r Children, St. Louis, Mo. Of these, some were referred because o f recent 22. episodes s i m i l a r t o near-miss episodes o f SIDS.
I n t h e f i r s t series (261, a group of seven i n f a n t s averaging 8 weeks of age presented w i t h one t o three l i f e -t h r e a t e n i n g episodes. Signs and symptoms included: apnea; sudden l o s s of consciousness; bradycardia; t o n i c r i g i d i t y , followed by f l a c c i d i t y ; dyspnea; a dazed look; flushing; drooling; and sweating. This group r e t a i n e d a mean of 88 % of the parenteral magnesium load, des p i t e preload magnesium treatment during the acute episode i n two.
I n a l a r g e r series since December, 1974, 25 i n f a n t s over one month o f age who were studied because of episodes s i m i l a r t o near miss episodes r e t a i n e d 60 t o 100 % of the load, even though some of them had received magnesium t h e rapy p r i o r t o the load t e s t . However, some o t h e r infants w i t h s i m i l a r episodes had lower r e t e n t i o n of the magnesium loads.
Comnent. These magnesium load studies were made i n i n f a n t s 1 t o 6-months of ag-age a t which SIDS u s u a l l y occurs. The symptoms e x h i b i t e d were nonspecific, b u t were t y p i c a l of those t h a t may occur during t h e near miss episode. Some i n f a n t s had repeated episodes. Although the s i m i l a r i t y o f the two syndromes, acute magnesium deficiency and SIDS, i s s t r i k i n g , we b e l i e v e t h a t some f a c t o r o t h e r than magnesium deficiency may be a c t i n g i n conjunction w i t h magnesium deficiency i n SIDS, i f indeed SIDS i s caused by a mineral imbalance (28).
CONCLUSIONS
The cause of SIDS remains unknown. We b e l i e v e t h a t f u r t h e r , more approp r i a t e t e s t i n g of SIDS i n f a n t s and of c a r e f u l l y selected c o n t r o l s i s i n d i c a ted t o determine whether o r not magnesium deficiency i s a major c o n t r i b u t i n g cause o f SIDS. I f so, since magnesium operates i n conjunction w i t h other mine r a l s i n the body, we would expect t o f i n d an associated mineral imbalance. Salk, L., Grellong, B.A., and D i e t r i c h , J.: Sudden i n f a n t death. Normal cardiac h a b i t u a t i o n and poor autonomic c o n t r o l . N. Engl. J. Med., 291: 219 (1974) .
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Savage, D.C.L. and McAdam, W.A.F.: Convulsions due t o hypmagnesaemia i n an i n f a n t recovering from diarrhoea. Lancet, 2: 234 (1967 Biochemical and pathological studies on magnesium deficiency i n the r a t . I. Young animals. J. Comp. Pathol., 78: 149 (1968) . t a l l i n e s . Numbers i n p a r e n t h e s e s i n d i c a t e the number o f samples making up the mean. Values f o r a c u t e l y d e f i c i e n t (0-Mg) r a t s w i t h no known seizures were obt a i n e d on day 6, and were n o t s i g n i f i c a n t l y d i f f e r e n t from t h e 100-Mg values. There was a s i g n i f i c a n t difference a f t e r seizures and death on day 7 (P<0.001), normalizing a t t h e preseizure l e v e l 18 h p o s t seizures. .9 + 0.59, were s i g n i f i c a n t l y h i g h e r than i n 100-Mg c o n t r o l s (P<0.001) and a f t e r deyth (P<O.OOl). Electrocardiograms were taken i n r a t s t h a t weighed 28-32 g a t tk onset o f t h e study. Tracings were taken a t twice normal standard (20 mn/mv) and a t t w i c e normal paper speed (50 mm/sec) i n supine r a t s t h a t were sedated i n A) and 8). b u t s t u d i e d w i t h no sedation i n t e t a n i c , apneic, unconscious 0-Mg animals d u r i n g t h e seizure-shock episode (C through F). The t r a c i n g s of 100-Mg c o n t r o l s i n A) and t h e 0-Mg r a t s w i t h no known seizures i n B) had r a t e s o f 575 and 480/min., r e s p e c t i v e l y , and t h e e l e c t r i c a l p a t t e r n s were i n d i s t i nguishable. I n C) and D), d u r i n g t h e seizure-shock episode, there was sinus a rr e s t , and t h e v e n t r i c u l a r r a t e p r e c i p i t o u s l y dropped t o about o n e -t h i r d of t h e normal r a t e . Apnea persisted, bradycardia was progressive, and t h e r a t s died. I n D) and E ) , t h e v e n t r i c u l a r complexes were i n i t i a t e d from two e l e c t r i c a l foci. I n D) and F), d u r i n g t h e e a r l y recovery period, t h e h e a r t r a t e and rhythm improved as both animals spontaneously resumed r e s p i r a t i o n s . Spiked e l e c t r i c a l complexes developed i n F). The t r a c i n g s of 0-Mg r a t s were as i n 8) 18 h postseizures ( n o t shown). + 0.03, were n o t s i g n i f i c a n t l y d i f f e r e n t . The magnesium concentration of 0-Mg r a t s w i t h no known seizures, 0.36 t 0.02 (27) was s i g n i f i c a n t l y d i f f e r e n t from 100-Mg c o n t r o l s (P<0.001), b u t durTng extended seizures o r imnediately a f t e r f a t a l seizures, t h e d e f i c i e n t animals had normal magnesium values. The concent r a t i o n o f magnesium was a t the preseizure l e v e l 18 h a f t e r seizures. 
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